Pure phases of CoAPO-31 and MnAPO-31 were synthesized hydrothermally using di-n-propylamine as a structuredirecting agent. The incorporation of manganese(II) and cobalt(II) into framework aluminum sites of AlPO 4 -31 was suggested from elemental, thermogravimetric and X-ray powder diffraction analysis. Isomorphous aluminum substitution with cobalt(II) was confirmed from static 31 P NMR spectra. UV-VIS and XANES spectra revealed a partial oxidation of framework cobalt(II) and manganese(II) into cobalt(III) and manganese(III) in the calcined MeAPO-31 and thus the presence of redox centers in the products. The generation of acid sites (Brønsted and Lewis) in MeAPO-31 was supported by IR measurements of pyridine and by ammonium adsorption/desorption. The strength of the acid sites in the catalysts studied decreased in the following order: MnAPO-31 > CoAPO-31 > AlPO 4 -31.
Introduction
AlPO 4 -31 with an ATO framework topology is a medium-pore aluminophosphate molecular sieve with a one-dimensional pore system of 0.53 nm pore diameter [1] . Powder X-ray diffraction measurements on calcined AlPO 4 -31 revealed a rhombohedral symmetry (hexagonal setting, a ¼ b ¼ 20:827 (1) A A, c ¼ 5:003(1) A A, and space group R-3) [1] . The rhombohedral symmetry was also determined for the as-synthesized SAPO-31 [2] . Recently [3] , a powder X-ray diffraction pattern, without structure refinement, of as-synthesized AlPO 4 After the incorporation of a small amount of metal (Zn, Mg) into the AlPO 4 -31 framework, the symmetry changed to rhombohedral [3] . This suggests that substitution of framework elements by metals may have occurred.
Isomorphous substitution of framework phosphorus in SAPO-31 by silicon was first proved using single-crystal diffraction on the as-synthesized sample [2] . Phosphorus substitution was later confirmed using several characterization methods [4] [5] [6] [7] and was supported by several catalytic reactions such as hydrocarbon transformations [8] [9] [10] [11] [12] . Suggestions for the incorporation of other metals into the AlPO 4 -31 framework can be found in three publications for TAPO-31 [13] , ZnAPO-31 [3] and MgAPO-31 [3, 14] , and catalytic applications are reported for TAPO-31 [15] , VAPO-31 [16] , MnAPO-31 [8, 17] , NiAPO-31 [17] , ZnAPO-31 [17] and FeAPO-31 [18] . However, no literature reports could be found providing direct evidence for the isomorphous substitution of framework aluminum in AlPO 4 -31 by cobalt or manganese.
CoAPO-n and MnAPO-n catalysts (n denotes a specific structure type) have recently been shown to oxidize linear alkanes using molecular oxygen as reagents, rather than more expensive oxidants such as organic hydroperoxides [19] . The local coordination of manganese and cobalt ions in MeAPO-n molecular sieve frameworks is related to the structural features of the AlPO 4 -n system, the amount of metal loading and the preparation procedure [20] . Different characterization techniques were used to obtain information about the isomorphous substitution of framework atoms in MeAPO-n by cobalt and manganese [20] . It was found that only part of the framework cobalt(II) and manganese(II) ions can be oxidized to cobalt(III) and manganese(III) ions and, consequently, can be catalytically active. Extra-lattice manganese(II) ions have also been detected in most studies. Recently, ab initio quantum chemical techniques have been applied for investigating the structural and bonding properties of microporous cobalt-substituted aluminophosphates [21] . The results of these calculations are in agreement with experimental structural data and suggest a molecular-ionic character for the bonding in AlPO 4 -n materials comprising Al 3þ and PO 3À 4 ions.
Moreover, a coordination number lower than 4 for the framework cobalt(III) ions in calcined CoAPO-n, suggested from X-ray absorption fine structure (EXAFS) studies [22] , is explained by these calculations.
In the present study we prepared pure and highly crystalline AlPO 4 -31 and MeAPO-31 (Co, Mn) products, and used several spectroscopic techniques to demonstrate the substitution of metal ions into MeAPO-31 and the generation of sites having potential catalytic activity.
Experimental

Synthesis
AlPO 4 -31 and MeAPO-31 were synthesized hydrothermally, in the presence of di-n-propylamine (Pr 2 NH, Merck, 99%) as a template, in stainless steel teflon-lined autoclaves under static conditions. The aluminum and phosphorus sources were pseudo-boehmite (PURAL SBI, Condea, 75.3% Al 2 O 3 ) and phosphoric acid (H 3 PO 4 , Merck, 85%), respectively. Metal acetate hydrates (Mn(CH 3 COO) 2 Á 4H 2 O Merck, >99% and Co-(CH 3 COO) 2 Á 4H 2 O, Fluka, >99%) were used as metal sources.
The synthesis procedures, chosen according to the literature reports on SAPO-31 [2, [4] [5] [6] [7] and MeAPO-31 [8, [14] [15] [16] , were systematically studied and optimized. Final molar compositions of the reaction mixtures and the synthesis conditions for the preparation of pure AlPO 4 -31 and Me-APO-31 (Me ¼ Co, Mn) phases are given in Table  1 . AlPO 4 -31 was prepared from an aqueous slurry of pseudo-boehmite. Orthophosphoric acid and di-n-propylamine were added successively to the stirred slurry. The reaction mixture was then thoroughly blended for 10 min using a disperser.
The synthesis of MeAPO-31 (Me ¼ Co, Mn) started with the preparation of three solutions/ dispersions. The water content of the total gel in precent is indicated in each case. Metal acetate was dissolved in 20%, pseudo-boehmite dispersed in 50% and orthophosphoric acid diluted with 30% of the required quantity of distilled water for the gel composition, respectively. Solutions of metal ace-tate and orthophosphoric acid were successively added to the pseudo-boehmite dispersion. Finally, di-n-propylamine as the organic template was added dropwise. Using the disperser, the system was thoroughly blended to a homogeneous mixture each time before the addition of the next component. The reaction mixture was seeded with AlPO 4 -31.
The resulting gels were transferred to 50 ml stainless steel teflon-lined autoclaves and heated under static conditions in an oven. After crystallization was complete, the AlPO 4 -31 and MeAPO-31 crystals were washed with distilled water three times and dried at 105°C. Template-free (calcined) samples were prepared by heating the as-synthesized products (calcination process) to 550°C using a heating rate of 2°C/min and holding at that temperature, in an air or oxygen flow, for 6 h. The colors of the as-synthesized and calcined products are given in Table 2 .
Characterization
X-ray powder diffraction (XRPD) patterns of all products were collected on a Siemens D-5000 diffractometer using CuKa radiation at room temperature. The XRPD data were collected in the 2h range from 5°to 35°in steps of 0.04°, with 1 s per step. Temperature-resolved patterns of selected samples in air were collected on the same diffractometer equipped with an HTK-16 high-temperature chamber. The 2h range was from 5°to 38°, the step size was 0.026°with 4 s per step. Patterns were collected at selected temperatures between room temperature and 1000°C. Between the scans the sample was heated at a rate of 10°C/min.
The size and the morphology of the crystals were studied with a scanning electron microscope Jeol JXA-840A. Elemental analysis was carried out with an energy dispersion analysis by X-ray analytical system (TRACOR EDX), attached to the scanning electron microscope (Jeol JXA-840A). The C, H and N elemental analysis was performed using a Perkin-Elmer 2400 elemental analyzer. For thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) a TA 2000 Thermal Analyzer (TA Instruments, Inc.) and an inert atmosphere were used. Measurements were carried out in a flow of He (50 cm 3 /min) with a heating rate of 10°C/min. Static 31 P NMR spectra of CoAPO-31 were obtained on a Varian Unity Inova spectrometer, operating at 242.89 MHz for phosphorus nuclei, according to the spin-echo mapping technique [23, 24] . A series of Fourier-transformed echo spectra were recorded using a conventional Hahnecho sequence, by incrementing the irradiation frequency with a constant step of 34.5 kHz below and above the phosphorus resonance of H 3 PO 4 . The number of increments was 50. The length of a 90°pulse was 7.25 ls, and the delay before and after the 180°pulse was 20 ls. After Fourier transformation, the height of each spectrum was corrected to take into account effects of transverse relaxation. For this purpose, the 31 P T 2 relaxation time was measured at each carrier frequency. After correction, spectra were added according to a [23] , and final spin-echo mapping spectra were obtained. UV-VIS spectra of solid samples were recorded on a UV-VIS spectrophotometer (Lambda 19). Products were suspended in nujol on filter paper and measured in the normal solution cell container [25] .
The X-ray absorption spectra at the Co and Mn K-edge were measured at the E4 synchrotron radiation station of HASYLAB, DESY. The station provides a focused beam from an Au-coated mirror and an Si(1 1 1) double crystal monochromator with about 1 eV resolution at the Co K-edge. Harmonics are effectively eliminated by a plane Au-coated mirror and by a slight detuning of the monochromator crystals, keeping the intensity at 60% of the rocking curve with the beam stabilization feedback control. Powder samples were prepared on multiple layers of adhesive tape. Due to the low concentration of transition metal in the samples, a K-edge jump of 0.2 was obtained in the case of Mn and 0.04 for Co. Reference spectra were measured on empty tapes without the sample. Exact energy calibration is established with the simultaneous absorption measurements on the respective (Mn or Co) metal sample.
The acidity of the catalysts was assessed qualitatively using a Nicolet Magna-IR 550 series II spectrometer with pyridine and ammonia as probe molecules. The catalysts were activated and reduced in situ at 400°C under vacuum (10 À5 mbar). The detailed experimental procedure was described elsewhere [26, 27] .
Results and discussion
XRPD, elemental and thermogravimetric characterization
Products of the synthesis procedure were identified from their XRPD patterns. AlPO 4 -31 crystallized as a single phase, while MeAPO-31 (Me ¼ Co, Mn) crystallized with two competing phases, MeAPO-50 [28] and MeAPO-11 [28] . Syntheses having a higher metal-to-aluminum ratio resulted in a lower ratio of structure type 31 with respect to competing phases. Because of a significant difference in densities between the competing phases and phase 31, the latter was easily separated from undesirable phases by sedimentation. The presence of MeAPO-50 and MeAPO-11 crystals in the synthesized products is understandable: di-n-propylamine, which was used as a structure-directing agent, is well known as a template for the synthesis of many AlPO 4 -n molecular sieves with straight channels (AlPO 4 -11, VPI-5 and CoAPO-50 for example) [7] . Following an extensive study and optimization of the synthesis procedures, we believe that products with the highest possible content of heteroatoms (Co, Mn) in the structure type 31 were obtained.
Scanning electron micrographs (SEM) of all products revealed a needle-like morphology. In the case of MnAPO-31 the needles form cauliflowerlike aggregates. The micrographs also confirm the purity of the AlPO 4 -31, MnAPO-31 and CoAPO-31 samples (Fig. 1) . Crystal dimensions range from 1 Â 1 Â 20 to 8 Â 8 Â 80 lm 3 . The XRPD patterns of the as-synthesized products (Fig. 2) 3B ) and MnAPO-31 ( Fig. 3C ) are stable up to 590 and 560°C, respectively. Above these temperatures the structures collapse into an AlPO 4 -tridymite dense phase and an amorphous phase. The powder patterns of as-synthesized AlPO 4 -31, under thermal treatment in air, shows that at 210°C a transformation from triclinic to rhombohedral symmetry occurs (Fig. 3A) .
On the basis of elemental and thermogravimetric analyses of the AlPO 4 -31 and MeAPO-31 (Me ¼ Co, Mn) crystals, the general formulae (Me x Al y P z )O 2 were calculated ( Table 3 ). The value of x þ y % z % 0:5 in the general formulae indicates that aluminum in the AlPO 4 -31 framework was isomorphously substituted by metals [29] . For cobalt and manganese, a 5% isomorphous aluminum substitution is suggested. One can also notice that the triclinic AlPO 4 -31 material contains twice as much template as the rhombohedral CoAPO-31 and MnAPO-31 materials (Table 3) . Furthermore, thermogravimetric and elemental analyses show that, in as-synthesized AlPO 4 -31, the transformation from triclinic to rhombohedral symmetry occurs when just one half of the template molecules are expelled from the pores of the sample. This indicates that the interaction between the metal incorporated into the framework and the template may be responsible for the symmetry changes for the as-synthesized MeAPO-31 product, and this phenomenon requires a further study.
The results of the TGA reveal some similarities betweeen CoAPO-31 and MnAPO-31 (Fig. 4) . The TGA/DTA profiles of as-synthesized AlPO 4 -31 in an inert atmosphere show that the desorption of water takes place up to 180°C and that the decomposition of di-n-propylamine occurs between 180 and 500°C. The origin of the weight loss (i.e., whether it is due to the desorption of water or due to the removal of the template) was determined with the aid of elemental analysis for C, H and N of the as-synthesized sample. The TGA/DTA profiles of as-synthesized MnAPO-31 and CoAPO-31 show that desorption of water ends at about 140°C, and the decomposition of di-n-propylamine occurs between 140 and 550°C. For MnAPO-31 and Co-APO-31 the decomposition of the template occurs in two steps. The second step is probably due to a location of the template molecules close to the Brønsted and Lewis acid sites, which are expected to be present in MeAPOs [30] . The DSC profiles (Fig.  4) for all samples show endothermic peaks, which is consistent with a desorption of water and decomposition of the template in the inert atmosphere. 
NMR study of isomorphous aluminum substitution by cobalt
Direct evidence for the substitution of aluminum by cobalt can be obtained from NMR spectroscopy. It was demonstrated on a number of CoAPO-n materials that, using the so-called spinecho mapping technique, one can efficiently record broad-line static 31 P spectra and prove or disprove cobalt incorporation [24] . A static 31 P spectrum of as-synthesized CoAPO-31 is presented in Fig. 5 . In addition to a strong peak at about 0 ppm, there is a low and broad feature extending from about 2000 to about 5500 ppm. According to the literature [24] this is approximately the range of P(1Co, 3Al) and P(2Co, 2Al) units. Because cobalt within the cavities does not shift the phosphorus resonance, the broad shifted peak confirms cobalt incorporation into aluminum framework sites.
The relative intensities of the sharp and broad peak are 0:81 AE 0:02 and 0:19 AE 0:02, respectively. From these measured data one can deduce the fraction of cobalt incorporated into the framework, if the following is taken into account: all phosphorus atoms are crystallographically equivalent; the incorporation of cobalt is random; no clusters of cobalt are formed within the sample. For random incorporation, the probability that phosphorus is surrounded by nCo atoms and (4-n)Al atoms is given by:
Here p is the probability to find cobalt on an aluminum position (p ¼ n Co =ðn Co þ n Al Þ). Taking into account the measured value P ð0CoÞ ¼ 0:19 we obtain the probability (p) for the incorporation of Co equal to 0:051 AE 0:006. This is in a good agreement with the result of elemental analysis, which gives (p ¼ n Co =ðn Co þ n Al Þ) equal to 0:046 AE 0:005.
UV-VIS absorption spectra-co-ordination geometry of cobalt and manganese
The co-ordination geometry of incorporated manganese and cobalt is indicated by the UV-VIS absorption spectra. Figs. 6 and 7 show, respectively, absorption spectra of as-synthesized and calcined CoAPO-31 and MnAPO-31. The absorption bands of all samples at 240 nm are related to the charge transfer processes between framework aluminum and oxygen atoms of the aluminophosphate and water molecules [31] .
The UV-VIS spectra of as-synthesized CoAPO-31 and both the (blue and green) calcined CoAPO-31 samples (Fig. 6) show three maxima in the region between 450 and 700 nm corresponding to tetrahedrally co-ordinated Co(II) species [32] [33] [34] . Calcined blue and green CoAPO-31 also show a broad absorption from 315 to 400 nm, which can be attributed to a ligand-metal charge transfer from a framework electron to Co(III) [33, 34] . The electronic spectra indicate that tetrahedrally coordinated Co(II) and Co(III) cations are present in both the blue and green calcined samples of Co-APO-31. The color changes observed during the calcination process are usually associated with changes in the electronic environment (e.g., ligand field effects) or with changes of the oxidation state of the incorporated metal. In our case, we expect that changes in the electronic environment are taking place, and that they are induced by the calcination atmosphere. Calcination in oxygen flow caused the color to change from blue to green while calcination in air flow did not. The reason for this is not clear. Fig. 7 shows absorption spectra of the as-synthesized and calcined MnAPO-31 products. The spectrum of the white as-synthesized is not informative at wavelengths in the visible region. The position of the absorption maximum in the spectrum of the violet calcined MnAPO-31 is similar to that of Mn(III) complexes, octahedrally coordinated by oxygen-donor ligands [34, 35] . The electronic spectra indicate that both Mn(II) and Mn(III) cations are present in the calcined MnAPO-31.
EXAFS and XANES studies-local symmetry of cobalt and manganese
The normalized Co and Mn XANES spectra of the as-synthesized and calcined samples (Figs. 8 and 9) are extracted by a standard procedure [36] . The zero energy is taken at the first inflection point in the cobalt and manganese metal spectrum, respectively, that is at the 1s ionization threshold in the cobalt and manganese metal.
The shape of the K-edge and the pre-edge resonances are characteristic for the local symmetry of the investigated atom and can be used as fingerprints in the identification of its local structure [36, 37] . Tetrahedrally coordinated atoms exhibit a single pre-edge peak, which can be assigned to a 1s ! 3d transition. This transition is prominent only in atoms located at the sites without a center of inversion, and it is forbidden for atoms occupying sites with inversion symmetry. Co and Mn XANES spectra of as-synthesized products (Co-APO-31 and MnAPO-31) exhibit the characteristic tetrahedral pre-edge resonance, demonstrating that metal cations are incorporated into the tetrahedral sites [22, [38] [39] [40] . In XANES spectra of the calcined samples, the pre-edge peak is strongly diminished or completely absent, which indicates that in the process of calcination the tetrahedral environment of the metal is distorted.
Changes in the valence state of the incorporated metal cation during calcination can be deduced from the energy shift of the absorption edge [36, 37] . A linear relation between the edge shift and the valence state was established for the atoms having the same type of ligand [36, 37] . For cobalt atoms shifts of 1.5-3 eV per valence are reported [22] , while for manganese atoms a shift of 3.5 eV per valence is found [39] . In the case of CoAPO-31 both calcined samples exhibit the same Co K-edge energy shift of 1:0 AE 0:3 eV compared to the assynthesized material, indicating a partial oxidation of Co(II) during the calcination. Approximately the same amount of Co(III) is present after calcination procedures in different atmospheres-in oxygen flow and in air flow. Our measurements show that the Mn K-edge in the calcined MnAPO-31 sample is shifted by 1:5 AE 0:2 eV compared to the edge position in the as-synthesized (uncalcined) sample. This shift suggests an increase of 0:4 AE 0:1 in the average manganese oxidation number, which suggests that in the process of calcination almost one half of the framework manganese(II) is oxidized to manganese(III).
The EXAFS spectra were analyzed using the UWXAFS and FEFF6 code [41, 42] in the k-range 3-11 X À1 , using a k weighted Hanning window. Fourier transforms of k weighted Co and Mn EXAFS spectra are shown in Figs. 10 and 11 , respectively. Due to the relatively low signal to noise ratio, only the parameters of the first coordination shell can be reliably determined.
In modeling Co EXAFS spectra, the fit of the first coordination shell in the R range 0.9-2.1 A A shows that in the as-synthesized sample cobalt atoms are coordinated to four oxygen atoms eachat 1.96
A A, in accordance with the presumed insertion of cobalt cations into the tetrahedral sites of the CoAPO-31 framework. Four oxygen neighbors are found also in the calcined samples, but at a larger distance (2.07 A A). Additionally, an increase in the Debye-Waller factor is observed (Table 4) , indicating larger static disorder in the first coordination shell of cobalt in the calcined samples.
A fit of the Mn EXAFS spectra in the R range 1.0-2. 2 A A shows that manganese has four oxygen neighbors at 2.02 A A in the as-synthesized sample, indicating the incorporation of manganese(II) into tetrahedral framework sites. After calcination, the local environment of manganese atoms is significantly changed. A decrease in the number of oxygen atoms in the first coordination shell can be seen from the height of the first peak in the FT spectra (Fig. 11) . A quantitative analysis shows that manganese atoms are on the average coordinated to three oxygen atoms: one at 1.87 A A and two at 2.08 A A. A large Debye-Waller factor is found for the more distant oxygen atoms indicating larger statistical disorder at that distance. Best-fit parameters are listed in Table 4 . Relatively large uncertainties of N and r 2 are a consequence of strong correlations between the two parameters in the fit.
The XANES and EXAFS results confirm the incorporation of Co and Mn into tetrahedral framework sites in the synthesized samples. In the case of Co, a partial oxidation in the process of calcination is indicated by the XANES spectra, but we have not found any short Co-O distances characteristic for Co(III) cations. However, larger statistical disorder is found in the first Co coordination shell in the calcined sample, so a smaller amount of Co(III) with shorter Co-O distances may be present, but cannot be discerned from the EXAFS spectrum due to the relatively low signal to noise ratio.
In the process of calcination part of the Mn(II) is oxidized to Mn(III), which can be seen from the XANES spectra. The presence of Mn(III) is also confirmed by EXAFS, where short Mn-O distances, characteristic of trivalent Mn cations, are observed. In calcined MnAPO-31, manganese atoms are coordinated on average to three oxygen Table 4 Best fit parameters of the first coordination shell of Co and Mn cations in the crystal structure of CoAPO-31 and MnAPO-31 samples: number of neighbors N at the distance R, and Debye-Waller factor r 2 (uncertainty of the last digit is given in parentheses) (7) 0.015 (9) atoms. This could be explained by the formation of a defect center by creation of a framework oxygen vacancy as observed previously in ZnAPO-34 [43] . The defect center with a framework oxygen vacancy was previously described for CoAPO-44 using ab initio quantum chemical techniques applied to the investigation of structural and bonding properties of cobalt-substituted aluminophosphates [21] .
4.5. In situ IR measurements of pyridine and ammonia adsorption/desorption-acidity of Co-APO-31 and MnAPO-31
Pyridine and ammonia are probe molecules used routinely for the characterization of acid sites in solids by infrared spectroscopy [44] . Pyridine is usually preferred because spectral interpretation is simpler than in the case of ammonia [45] . In this study we used both probe molecules for comparison with known reference solids. Ammonia was sorbed at ambient temperature, but pyridine was sorbed at 150°C to limit diffusion problems.
The electroneutrality of the AlPO 4 -31 framework should preclude the development of Brøns-ted acidity [46] . Indeed, the difference FTIR spectra (subtraction of parent spectrum from the spectrum of sample plus sorbate) using either of the probe molecules show only weak signals, for Brønsted or Lewis acid sites, and these signals were readily removed on heating. In this work pyridine was adsorbed at 150°C, to avoid diffusion limitations, and the sample was heated under vacuum at the same temperature to remove physisorbed species. Ammonia was adsorbed at room temperature [46, 47] . In the case of pyridine sorption, bands at 1545 and 1450 cm À1 are indicative [46, 47] of Brønsted and Lewis sites, respectively (Fig. 12A) . For adsorbed ammonia [46] the corresponding bands are at 1453 and 1618 cm À1 (Fig.  13A) .
The difference spectrum of AlPO 4 -31 in the OH region (Fig. 14A) , upon ammonia adsorption, shows a band at 3677 cm À1 , which can be assigned to either a P-OH or an Al-OH group [26, 27] . On sorption of ammonia this appears as a negative peak for the parent material. Other bands evident at 3385, 3293 and 3197 cm À1 are due to N-H stretching, associated with weakly bonded ammonia, which can be completely desorbed from the sample at 100°C. Therefore, we may conclude that the AlPO 4 -31 sample does not contain acid sites in appreciable amounts.
Al(III) substitution by Me(II) (Mn and Co) in the framework of AlPO 4 -31 clearly generates both Brønsted and Lewis acid sites. This is evident from the adsorption of pyridine and ammonia on all the samples prepared in this study (Figs. 12 and 13) . Bands due to Py-H þ at 1545 cm À1 (Brønsted sites) and at 1450 cm À1 (Lewis acid sites) are observed in all MeAPO-31 materials (Fig. 12) . However, the intensities of the bands due to pyridinium ions on the MnAPO-31 sample are much higher and are removed at higher desorption temperature (400°C ) in comparison with the other samples. The difference spectrum of MnAPO-31 after ammonia adsorption (Fig. 14C ) exhibits a negative peak at 3678 cm À1 , assigned to non-acidic hydroxyls (P-OH) [47, 48] , a broad negative band around 3560 cm À1 assigned to bridged MnP-OH groups, and intense positive peaks at 3400 and 3300 cm À1 assigned to NH [47, 48] .
The strength of acid sites generated in the samples studied here is assessed in situ via thermodesorption of adsorbed ammonia and pyridine. In order to remove all the sorbed ammonia from acid sites generated in MnAPO-31 a temperature of 400°C is needed. On the other hand, for the CoAPO-31 sample, a desorption temperature of around 300°C is sufficient. In the case of the AlPO 4 -31 sample, the adsorbed pyridine is completely removed below 250°C and the ammonia at 100°C. Based on the above observations the strength of acid sites (Brønsted and Lewis) generated in the catalysts prepared in this work shows the following trend: MnAPO-31 > CoAPO-31 > AlPO 4 -31.
Conclusions
The isomorphous substitution of framework aluminum in AlPO 4 -31 by cobalt and manganese was confirmed.
It was also found that the relation between the metal incorporated into the framework sites and the template might be responsible for the symmetry changes for the as-synthesized MeAPO-31 as compared to AlPO 4 -31. The symmetry transformation of aluminophosphate molecular sieve AlPO 4 -31 and the interaction of its framework with di-n-propylamine template molecules were, therefore, further studied by variable temperature XRPD and multinuclear MAS, CPMAS and MQMAS NMR measurements [49] .
Brønsted and Lewis acid sites and also redox active centers were detected and characterized in MeAPO-31. In proposed further work the potential of MnAPO-31 and CoAPO-31 as catalysts in oxidation reactions will be tested.
